Engineered gene drives are being explored as a potential strategy for the control of vector-borne diseases due to their ability to rapidly spread genetic modifications through a population. While an effective CRISPR homing gene drive for population suppression has recently been demonstrated in mosquitoes, formation of resistance alleles that prevent Cas9 cleavage remains the major obstacle for drive strategies aiming at population modification, rather than elimination. Here, we present a homing drive in Drosophila melanogaster that reduces resistance allele formation below detectable levels by targeting a haplolethal gene with two gRNAs while also providing a rescue allele. This is because any resistance alleles that form by end-joining repair will typically disrupt the haplolethal target gene, rendering the individuals carrying them nonviable. We demonstrate that our drive is highly efficient, with 91% of the progeny of drive heterozygotes inheriting the drive allele and with no resistance alleles observed in the remainder. In a large cage experiment, the drive allele successfully spread to all individuals. These results show that a haplolethal homing drive can be a highly effective tool for population modification.
INTRODUCTION
The ability to modify the genomes of wild populations would provide a powerful new approach for reducing the transmission of vector-borne diseases such as malaria or dengue [1] [2] [3] [4] . This could be achieved through engineered gene drives, which can spread rapidly through a population by biasing inheritance in their favor [1] [2] [3] [4] [5] [6] [7] and thereby disseminate engineered payload alleles that manipulate an organism's viability, fecundity, or ability to transmit disease.
Homing gene drives based on the CRISPR/Cas9 system have shown promise in several organisms including yeast [5] [6] [7] [8] , flies [9] [10] [11] [12] [13] [14] [15] , mosquitoes [16] [17] [18] , and mice 19 . The mechanism of such homing drives involves RNA-guided Cas9 cleavage at a target site, allowing the drive allele to be copied to the wild-type chromosome in the germline through homology-directed repair. As a result, the drive allele will increase in frequency over time. However, Cas9-induced doublestrand breaks can also be repaired through end-joining mechanisms, instead of homologydirected repair, which typically mutates the target sites. In most cases, this creates a resistance allele because the changed sequence at the target site will no longer be recognized by the guide RNA (gRNA) and thus be immune to further Cas9 cleavage. The formation of resistance alleles by this process has been observed to occur in the germline of drive-carrying organisms as well as in embryos due to maternally deposited Cas9 12 .
For drive strategies that aim to suppress a population, resistance alleles with a disrupted target site do not substantially impede the success of the drive. This is because suppression drives usually target an essential gene without providing rescue, thus allowing resistance alleles to contribute to the population suppression function of the drive, even if they are expected to somewhat retard the spread of the drive. By targeting a highly conserved site with an efficient Cas9 promoter that minimized resistance allele formation in both the germline and the embryo, a recent population suppression approach was indeed successful in eliminating small cage populations of Anopheles gambiae 20 . Nevertheless, it remains unclear how well such an approach would work in a larger population, where suppression drives face strong selection pressure for the evolution of resistance alleles that preserve target gene function. If even a small number of such alleles forms, this would be expected to quickly allow a population to rebound from the suppressive effects of a drive. Ecological factors may also prevent a population suppression drive from achieving complete success 21 . Thus, population modification strategies may still be desirable as alternatives to suppression strategies, particularly for applications such as reduction of malaria transmission for which suitable payload genes are already available 1 . However, the high rates at which resistance alleles typically form in population modification drives continues to pose a major hurdle for the successful spread of such drives.
One proposed strategy to overcome the problem of resistance in a modification drive is the haplolethal homing drive 22 . By targeting a haplolethal gene, any end-joining repair would be expected to produce lethal mutations, removing resistance alleles from the population as they form. However, the drive allele itself would contain a recoded portion of the haplolethal gene that cannot be cleaved by the drive and remains functional. This should eliminate individuals that inherit resistance alleles while allowing drive-carrying individuals to survive and reproduce normally. Here, we demonstrate that a haplolethal homing drive with two gRNAs can serve as an effective population modification system in Drosophila melanogaster. Our haplolethal drive construct had high rates of drive inheritance and no detectable formation of resistance alleles, which allowed it to successfully spread through a large cage population.
METHODS

Plasmid construction.
The starting plasmids pCFD3 23 (Addgene plasmid #49410), pCFD4 23 (Addgene plasmid # 49411), and pCFD5 24 (Addgene plasmid #73914) were kindly supplied by Simon Bullock. A starting plasmid similar to BHDcN1 was constructed in a previous study 13 (see Supplemental Information). Restriction enzymes for plasmid digestion, Q5 Hot Start DNA Polymerase for PCR, and Assembly Master Mix for Gibson assembly were acquired from New England Biolabs. Oligonucleotides and gBlocks were obtained from Integrated DNA Technologies. JM109 competent cells and ZymoPure Midiprep kit from Zymo Research were used to transform and purify plasmids. A list of DNA fragments, plasmids, primers, and restriction enzymes used for cloning of each construct can be found in the Supplemental Information section. Genotypes and phenotypes. Drive carriers are indicated by expression of dsRed drives by the 3xP3 promoter, which is highly visible in the eyes of w 1118 flies. EGFP similarly marks flies carrying Cas9 driven by the nanos promoter 15 . For phenotyping, flies were anesthetized with CO2 and scored for red fluorescence in the eyes using the NIGHTSEA system (SFA-GR). Fly line homozygosity was assessed by fluorescence intensity and confirmed by sequencing.
Fly rearing and phenotyping. Flies were reared in Bloomington Standard medium and housed in an incubator at 25˚C following a 14/10 hour day/night cycle. For the cage study, flies were housed in 30x30x30 cm (Bugdorm, BD43030D) enclosures. Initially, a fly line was generated that was homozygous for both the drive flies and the split-Cas9 allele. These, together with split-Cas9 homozygotes of the same age, were separately allowed to lay eggs in eight food bottles for a single day. Bottles were then placed in cages, and eleven days later, they were replaced in the cage with fresh food. Bottles were removed from the cages the following day, the flies were frozen for later phenotyping, and the egg-containing bottles returned to the cage. This 12-day cycle was repeated for each generation.
To minimize risk of accidental release, all live gene drive flies were quarantined at the Sarkaria Arthropod Research Laboratory at Cornell University under Arthropod Containment Level 2 protocols in accordance with USDA APHIS standards. In addition, the split-Cas9 drive system 15 prevents drive conversion in wild-type flies, which lack the endonuclease. All safety standards were approved by the Cornell University Institutional Biosafety Committee.
Genotyping. For genotyping, flies were frozen, and DNA was extracted by grinding flies in 30 µL of 10 mM Tris-HCl pH 8, 1mM EDTA, 25 mM NaCl, and 200 µg/mL recombinant proteinase K (ThermoScientific), followed by incubation at 37˚C for 30 minutes and then 95˚C for 5 minutes. The DNA was used as a template for PCR to amplify the region of interest. After DNA fragments were isolated by gel electrophoresis, sequences were obtained by Sanger sequencing and analyzed with ApE software (http://biologylabs.utah.edu/jorgensen/wayned/ape).
RESULTS
Drive Dynamics.
A CRISPR haplolethal homing gene drive contains all the elements of a standard homing drive, including a nuclease, gRNA, and an optional payload gene. It is located at the gRNA target site, and when the wild-type allele is cleaved in the germline, the break can be repaired by homology-directed repair, which usually results in successful copying ("homing") of the drive (Figure 1 ). This converts the germline cell from a drive heterozygote into a homozygote. However, end-joining repair of the DNA cut can result in resistance allele formation, which can be of the "r1" type (preserving the function of any target gene) or the "r2" type (disrupting the target gene). The latter form is more common, since roughly two thirds of mutations will create frameshifts, and most of the remainder tend to still sufficiently change the amino acid sequence to disrupt protein function. In the progeny of females with at least one drive allele, additional resistance allele formation occurs in the offspring of females carrying the drive due to maternally deposited Cas9 and gRNAs. If cleavage occurs later in development of the embryo, mosaic resistance allele formation is possible, with different cells potentially containing a mixture of wild-type, r1, and r2 alleles 12, 13 .
In addition to containing the standard homing drive components, a haplolethal homing drive specifically targets a haplolethal gene, specifying a class of gene where two copies are needed for viability. The drive construct also carries a copy of the target gene to rescue gene function, which has been recoded with many synonymous sequence changes so that it is immune to Cas9 cleavage by the drive. However, if an r2 resistance allele is formed in either the embryo or in a germline precursor cell, the embryo will not survive, thereby eliminating such resistance alleles from the population. Embryos with high levels of mosaicism will likely also be nonviable, and lower levels may still impact fitness. Through this mechanism, the haplolethal homing drive largely negates the negative effects of forming resistance alleles in the germline, since these individuals will perish. However, resistance allele formation in the embryo will often result in drive-carrying individuals being rendered nonviable, so only a certain level can be tolerated before the drive would no longer be able to spread, with the specific critical thresholds being determined by the fitness costs of the drive. FIGURE 1. Haplolethal homing drive mechanism. Drive conversion occurs in the germline, though if Cas9 cleavage is repaired by end-joining, a resistance allele is formed. Additional resistance alleles can form due to maternally deposited Cas9 and gRNAs in the embryos from mothers that had at least one drive allele. All embryos that receive a resistance allele that disrupts the target gene will be nonviable.
Drive construct design. Our drive construct ( Figure 2 ) includes two gRNAs with targets 26 nucleotides apart in exon 4 (the second exon with a coding sequence) of the haplolethal gene RpL35A, a highly conserved protein component of the 60S ribosomal subunit 25 . Two tRNA sequences at the beginning and in between the gRNAs are endogenously spliced out from the pre-RNA 24 . The multiplexed gRNAs increase efficiency of the drive by providing two opportunities for cleavage, thus potentially increasing the rate of homology-directed repair and reducing the rate at which r1 alleles are formed 13 . The drive construct is flanked by two homology arms with wild-type sequences that abut the left and right gRNA target sites. Immediately adjacent to the left homology arm is a recoded version of the remainder of the coding sequence of RpL35A, followed by the wild-type 3'UTR. A dsRed sequence with the 3xP3 promoter produces red fluorescent protein expression in the eyes, allowing for easy identification of drive-carrying individuals. A split-drive element, containing Cas9 driven by the nanos promoter for expression in the germline and EGFP with the 3xP3 promoter, was previously constructed 15 and is necessary for the drive to function, thus preventing it from spreading through wild-type individuals in the event of an accidental release 15 . Drive inheritance. Flies homozygous for the drive were crossed with a laboratory line homozygous for the nanos-Cas9 allele to produce offspring that were heterozygous for the drive and split-Cas9 element. These individuals were then crossed to w 1118 flies to assess drive conversion efficiency. Observation of the dsRed phenotype in the eyes of the offspring from this cross was used to identify drive carriers. The progeny of both heterozygous females and of heterozygous males showed 91% drive inheritance (Figure 3 , Data Set S1-S2), which were both significantly different from the 50% expected under Mendelian inheritance (p<0.0001, Fisher's exact test). To assess formation of resistance alleles, seventeen offspring from the cross between drive females and w 1118 males were sequenced at the target locus. Sixteen (eleven of which also had a drive allele) were found to be completely wild type, and one (that also had a drive allele) was found to be mosaic, indicating that few or no flies possessed viable resistance alleles. This is in stark contrast to previous homing drives in D. melanogaster, which all had high resistance rates, thus implying that resistance alleles for the haplolethal homing drive were all of the r2 type, and flies inheriting them were all nonviable. The mosaicism seen in one individual was likely produced by embryo Cas9 activity later during development, creating a resistance allele without enough penetrance to be lethal. Such a resistance allele would presumably still become lethal if it were transmitted to progeny in a subsequent generation. Drive performance analysis. To gain a better understanding of the performance of the drive, individual females or males with one copy of the drive and one copy of the Cas9 allele were crossed with single w 1118 flies, and w 1118 flies were separately crossed together. Flies were allowed to lay eggs for a day, which were counted, and then pupae were counted seven days later to assess egg viability. The progeny of drive heterozygous males showed a pupae-to-egg survival rate of 80% (Figure 4 , Data Set S2), which was similar to the 83% survival of eggs from w 1118 flies (Data Set S3). The progeny of females had a pupae-to-egg survival of 55% (Figure 4 , Data Set S1), a significant deviation from the viability of eggs from w 1118 flies (p<0.0001, Fisher's exact test). This is consistent with expectations that progeny carrying a resistance allele are nonviable and that resistance alleles form in the offspring of drive-carrying females due cleavage activity in the embryo from maternally deposited Cas9. Females and males heterozygous for the drive and Cas9 alleles were crossed with w 1118 flies, and w 1118 individuals were crossed together. Females were allowed to lay eggs for one day, which were counted and then assessed for survival to the pupal stage. The progeny of heterozygous females had a significantly lower survival rate than wild-type flies, but the progeny of heterozygous males did not, with the difference presumably caused by reduced viability from resistance alleles that formed in the embryo due to maternally deposited Cas9 and gRNA. The size of each dot represents the clutch size of one individual. The means and standard deviations are indicated.
From viability data based on male crosses, germline resistance allele formation was likely low, at approximately 6% (Data S2). Based on the phenotypes of surviving progeny, this yields a drive conversion rate of 76%, with 18% of wild-type alleles remaining unconverted to drive or resistance alleles. The number of remaining wild-type individuals is substantially higher than in previous studies 12, 13, 15 , including one where we utilized the same split-Cas9 element 15 . This implies that either gRNA expression in the haplolethal homing drive is low or that the gRNAs have lower activity. Nevertheless, the drive conversion rate in males was higher than observed for previous drives in D. melanogaster, likely due to the multiplexed gRNAs. Because of this, a germline resistance allele formation rate of 6% may be an underestimate, since the rate of drive conversion appears to be similar to expected values based on the rates from previous studies 12, 13, 15 , but the resistance formation rate is lower. The relatively high error (4%) in the estimate of this resistance rate would be consistent with this notion.
In previous D. melanogaster drives, females had somewhat higher drive conversion rates than males, but also, with the exception of a drive targeting yellow, very high embryo resistance rates. The embryo resistance rates seen in our haplolethal homing drive were substantially lower, with two thirds of offspring surviving relative to wild-type crosses. This further supports the idea that the gRNA expression or activity in this particular drive is lower than that in previous drives. Additionally, nonviable eggs from drive females could be the result of both germline and embryo activity, which causes difficulties in disentangling the individual rates. One possible set of parameters that is consistent with the egg viability rate is a drive conversion rate of 76%, a resistance allele formation rate of 9%, and an embryo resistance rate of 28% (Data Set S1).
Cage study. In a standard haplolethal homing drive with integrated Cas9, the Cas9 gene would be copied in most gametocytes, bringing the embryo Cas9 cleavage rates closer to the rate found in the embryos of individuals that are homozygous for the drive. To measure the effects of increased Cas9 expression, homozygotes for both the drive and split-Cas9 allele were generated. These were then crossed to Cas9 homozygotes with no drive, generating individuals that were drive/wild-type heterozygotes at the drive locus with two copies of Cas9. When such flies were crossed to w 1118 individuals, both female and male drive heterozygotes showed 93% drive inheritance, which was slightly higher than for individuals with one copy of Cas9 (though this did not reach statistical significance). Since the additional Cas9 allele is expected to result in slightly higher germline cut rates due to more Cas9 expression, we approximated drive performance for the cage study in both males and females to be 78% drive conversion rate, 10% germline resistance allele formation rate, and 28% embryo resistance allele formation rate in the progeny of females.
To assess the performance of the haplolethal homing drive in large cage populations, flies homozygous for both the drive and Cas9 were allowed to lay eggs in bottles for one day, and flies homozygous for the Cas9 allele were similarly allowed to lay eggs in separate bottles. Flies were then removed, and the bottles were placed together in a population cage. The cage was followed for several generations, and each generation was phenotyped for dsRed to measure the frequency of drive carriers, which includes both homozygotes and heterozygotes ( Figure 5 , Data Set S4). The drive carrier frequency rose from 32% in generation zero (all of which were drive homozygotes) to 100% in generation six. In the final generation, approximately 1% of flies had a fainter dsRed phenotype, indicating that they potentially had only one drive allele. Fifteen of these individuals were genotyped, and it was found that ten were actually drive homozygotes while five had a remaining wild-type allele. This small number of wild-type alleles would likely have been eliminated or converted to drive alleles within one or two additional generations. Cage study. Homozygotes for the drive and Cas9 alleles were introduced into a cage containing homozygotes for the Cas9 allele at an initial frequency of 32%, and the cage was followed for several discrete generations. All individuals from each generation were phenotyped for dsRed, indicating the presence of one or two drive alleles. The model represents a population with no fitness costs, a homing rate of 78%, a germline resistance allele formation rate of 10%, and an embryo resistance allele formation rate of 28%.
To assess the fitness of the drive allele, we adapted a maximum likelihood approach we developed previously 26 for gene drive inheritance and a haplolethal target. Drive performance for both males and females with two copies of Cas9 was estimated as above. Separate cleavage at each gRNA was not modeled, but to take into account the low rate of r1 formation, all embryos with resistance alleles were assumed to be nonviable. A single fitness parameter was inferred for drive homozygotes that represented the relative fecundity for females and relative mating success for males compared to wild-type individuals. Drive heterozygotes were assigned fitness values equal to the square root of the value for drive homozygotes, equivalent to a co-dominant model. Because drive homozygotes and heterozygotes could not be accurately distinguished, they were assumed to be in relative proportions predicted by the model. With these parameters, the effective population size (set to be the average of the census size of the two generations in each generational transition) of the cage was inferred to be 5.6% of the census population size, with a 95% confidence interval of 1.6% to 13.8%. This estimate was similar to previous cages 26 , but the wider confidence interval was likely due to our inability to distinguish between drive homozygotes and heterozygotes. Our estimate of the fitness parameter was 1.1, indicating a higher fitness than wild-type individuals. However, the 95% confidence interval extended from 0.90 to 1.34. Thus, it is likely that drive fitness is similar to wild-type alleles. This implies that if rare r1 resistance alleles form as the drive sweeps through a population, it would likely be an extended period of time before such r1 alleles reach an appreciable number of individuals.
DISCUSSION
We have demonstrated that a homing gene drive targeting a haplolethal gene can successfully eliminate resistance alleles while preserving drive carriers by including a rescue allele. This mechanism enabled our drive to rapidly spread to all individuals in a population cage, thus overcoming the key obstacle that has prevented success in previous homing drives designed for population modification.
Drives based on this mechanism could be used for rapid modification of entire populations with lower risk of disrupting the surrounding ecosystems than suppression drives. Population modification drives are also expected to be less vulnerable to complex ecological factors that may prevent the complete success of a suppression drive 21 , suggesting their potential use in conjunction with such drives. Many proposed applications for modification drives, such as the spreading of a disease-refractory payload allele through an insect vector population, should also still be able to function successfully in the face of a small level of resistance allele formation, which is unlikely to be the case for population suppression approaches. Furthermore, a variety of possible payload genes have already been demonstrated, including for the reduction of dengue and malaria transmission in Aedes and Anopheles, respectively 1 .
While germline resistance alleles are easily eliminated by a haplolethal homing drive without apparent negative effects on its performance, embryo resistance remains a major obstacle. Indeed, the high embryo resistance rates seen in previous D. melanogaster constructs 12, 13, 15 would have prevented the successful spread of the drive. This is because in the haplolethal homing system, Cas9 activity in the embryo renders such embryos nonviable, most of which would possess a drive allele. Reducing embryo resistance, for example through the use of different promoters for Cas9, would be expected to greatly increase the overall efficiency of the drive. A similar consideration is somatic expression, where resistance alleles could impose a substantial fitness cost on drive/wild-type heterozygotes by disrupting the wild-type alleles in many cells. Although the nanos promoter utilized in this study has minimal leaky somatic expression, somatic expression may be an important consideration for other promoters. This potentially includes the zpg promoter used successfully in an Anopheles gambiae population suppression drive, which appears to have a fecundity phenotype consistent with a small amount of somatic expression 20 .
Incomplete homology-directed repair could also pose a problem for a haplolethal homing drive if the recoded rescue allele is copied but other elements (particularly the payload) are not. Such partial homology-directed repair has been observed before in homing drives 10, 12, 13 , but it is unclear how often a large enough portion to provide rescue would be copied, while not copying the payload. One potential solution to this issue would be to use a "distant site" haplolethal homing drive. In this method, a full recoded rescue allele of the haplolethal gene with promoter would be included within a gene drive, which would be placed in a different location from the haplolethal gene. The drive would possess gRNAs for cleavage both at its own site for homology-directed repair and for disruption of the haplolethal target gene. Disrupted haplolethal gene alleles would therefore be paired with germline resistance alleles and drive alleles in the next generation, resulting in the former of these being nonviable. The drive alleles, due to their rescue element, would remain viable. This would largely avoid partial homology-directed repair of the rescue element if the payload and rescue alleles were both near the middle of the drive, yet drive performance may still suffer due to the presence of gRNAs not contributing to the copying of the drive and because of the increased size of the drive to accommodate a full rescue allele. Drives targeting haplolethal genes could also be redesigned to operate without homologydirected repair for population modification or suppression, though such drives would likely have substantially different dynamics 27 . Similar drives targeting recessive lethal genes have already been constructed 28, 29 .
Although the fitness of our drive was indistinguishable from that of the wild-type allele in our model, it is possible that the model itself could be improved. For example, it is unclear if resistance alleles formed in the germline of males and possibly females are eliminated by the gamete stage or only later in the embryo, as we modeled it. If eliminated earlier, overall drive efficiency would be improved, which possibly could explain the slightly better-than-expected performance we saw in the cage experiment.
Our study demonstrates the efficiency of a multiple gRNA homing drive targeting a haplolethal gene with rescue. Since haplolethal genes are fairly widespread, the selection of targets would presumably be straightforward in many potential target species. While the need for a germlinespecific promoter with minimal maternal carryover remains a prerequisite for the development of such as drive, we have shown that a less effective promoter can potentially still be viable if gRNA expression or activity is low. Future studies should test the implementation of our drive system into other organisms, including mosquitos. Large cage studies should further assess the r1 formation rate from partial homology-directed repair and the fitness cost of the drive, which will be critical for accurate modeling of the effectiveness of population modification strategies employing such drives.
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